Adaptation of the solution of the two-dimensional tidal equations using the method of characteristics to wind-induced currents and storm surges  by Cekirge, H.M. et al.
Comp. & .gIaths. with Appls. Vol. 12A, No. 10. pp. 1081-1090. 1986 0886-9553.86 $300,0.00 
Pnnted in Great Bratain. All rights rescued Cop,~r~ght ~ 1986 Pergamon Journals Lid 
ADAPTAT ION OF  THE SOLUTION OF  THE 
TWO-DIMENSIONAL T IDAL  EQUATIONS US ING 
THE METHOD OF CHARACTERIST ICS  TO 
WIND- INDUCED CURRENTS AND STORM SURGES 
H. M. CEKIRGE, t R. W. LARDNER" and R. J. FRAGA" 
~Water Resources and Environment Division, Research Institute and :Department of 
Mathematical Sciences, University of Petroleum and Minerals, Dhahran, Saudi Arabia 
(Receit'ed March 1986) 
Communicated by E. Y. Rodin 
Abstract--The method of characteristics, previously employed to predict two-dimensional tidal 
flows, is extended to examine wind-driven currents and storm surges. After the shallow-water 
equations used to model flow in coastal regions are given, modifications are made in two of the 
forcing functions to incorporate wind contributions. Two hypothetical storms are constructed and 
results are presented in a series of figures which show sea-level heights and velocity fields at various 
times as the storm progresses. 
1. INTRODUCTION 
As observed in the preceding paper [1], computer models of tidal flows and storm surges 
in coastal waters have achieved considerable success within the last 20 years. These models 
are generally based on the two-dimensional shallow-water quations, obtained from the 
full three-dimensional equations by averaging over the vertical coordinate. A variety of 
different numerical techniques listed in the first report have been used to solve these 
equations. Reviews of some of these have been given by Liu and Leendertse [2] and in the 
books by Connor and Brebbia [3] and Pinder and Gray [4]. The method of characteristics 
used in Ref. [1] has previously been successfully applied to quasi-one-dimensional flows 
in long estuaries. For two-dimensional flows, however, this method has received little 
attention, although some work on it has been presented by Townson [5] and Lai [6]. 
The purpose of the work discussed in Ref. [1] was to investigate more closely the method 
of characteristics for two-dimensional tidal flows. This method is here extended to examine 
wind-driven currents and storm surges. The advantages of this method over the 
finite-difference algorithms are twofold: its retention of the nonlinear convective terms in 
the shallow-water quations, commonly neglected at boundary points in finite-difference 
approximations; and the treatment of boundary conditions themselves. These same 
advantages should lead to considerable improvement in the accuracy of the calculated 
currents at near-coastal grid points for wind-induced currents. This is significant from the 
applications point of view because of the concern with pollutant transport near coasts and 
the effect of currents on coastal installations. 
In Section 2 the basic equations governing hydrodynamical flow are given. Section 3 
details the modifications introduced in the previous tidal current scheme to produce the 
wind-induced flow. Section 4 describes ome results obtained for two hypothetical storm 
surges in the Arabian Gulf. 
2. THE BASIC EQUATIONS 
In this section we give the basic equations of the method of characteristics. These were 
developed in Ref. [1] and reference made to an account of the method given by Zucrow 
and Hoffman [7]. Here we are concerned with their modification for wind-induced flows. 
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The shallow-water equations used to model flows in coastal regions are as follows: 
u: + uu~ + t'u, + g~ = ~, (1) 
t.', + ut,'., -i- t'r.,. + g;~.,. = ~ (2) 
and 
(, + uC.~ + t'(~ + H(u~ + r.,) = 7.. (3) 
Here x and y are cartesian coordinates in the horizontal plane, t is time and the subscripts 
x, y or t denote partial derivatives. The depth-averaged components of water velocity are 
u and v; ( is the height of the free surface above a certain reference level; g is the 
acceleration due to gravity; H is the total depth of water, which can be written H = h + C 
where h(x,y)  is the depth of the bottom below the reference level. 
The r.h.s, of equations (1)-(3) are usually taken in the form 
1 Ip ,  
@ = fv  +-~ (S , -  B e) - p- ~ (4) 
1 1 
~ = - fu  + - -~ (S: - B.") - P - P,  (5) 
and 
Z = - h.,u - h, r ,  (6) 
wheref is  the Coriolis parameter given by f  = 2~sin,;., f~ being the earth's angular velocity 
and 2 the latitude, p is the water density and P is atmospheric pressure; S" and S y are the 
components of surface shear stress generated by the wind and B e and B." are the 
components of bottom drag. These are generally taken in the form 
/ ~ • 
(SL S y) = "/p, ,~/w; + w; (w,, w~) (7) 
and 
gP "~ v: (~ ' ,a~)=~u + (u,u), (8) 
where y is a dimensionless drag coefficient = 0.0026, p, is the air density, w~ and wr are 
the x- and y-components of wind velocity and c is the Che~ coefficient. Note that the 
functions @, ~, and X do not involve derivatives of u, v or C. 
The application of the method of characteristics to the solution of equations ( I~3)  is 
Wen in the preceeding paper [I]. Discussion in the next section will be restricted to the 
modifications required to generate the wind-induced flow. 
3. MODIF ICAT ION OF T IDAL  PROGRAM AND RESULTS 
The Arabian Gulf  was covered by the grid shown in Fig. l in which a grid-spacing of 
approx. 20 km leads to a total grid-size of 30 x 4-4. Points in the grid designated • are 
treated as interior points; those designated • are coastal boundary points; and those 
marked ~) are corner points. Each type of point is handled as described in the preceding 
paper [1]. 
The forcing functions • and ~g are modified to incorporate the surface shear stresses 
S ~ and S y as indicated in equations (4), (5) and (7). Atmospheric pressure variations were 
not included in this model calculation. The Chezy coefficient was maintained at the same 
value as used in the tidal computations. 
A model storm was constructed in which the wind was from the NW and uniform over 
the Gulf, the wind speed rising from a low value of 3 m/s over a period of 12 h to reach 
a maximum of 20 m/s then decaying symmetrically over the following 12 h. The wind speed 
was taken as a Gaussian function of time t, 
w (t) = 20 exp[ - k (t - 12)2], (9) 
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where k is chosen so that w(0) = 3. This is a typical pattern for a 10-yr maximum shamal 
in the Gulf. A second similar model storm in which the wind speed rises to a maximum 
of 30 m/s was also considered; this is an approximation to a 100-yr maximum storm in 
the Gulf. In each case the surface height and current components were taken as initially 
zero. The resulting storm surges will be described in the next section. 
Prior to running the storm surges, the program was tested using a constant NW wind 
of speed 5m/s, the calculation being continued until an approximate steady state was 
reached (which occurs after about 72 h of real time from fiat initial conditions). It was 
found that the computed results developed mild instabilities in the form of finite 
oscillations of wavelength roughly equal to the grid-spacing, occurring in the southern 
basin of the Gulf. It is possible that these oscillations represent a real phenomenon 
connected with the shelving of the bottom from the deep trough that follows the Iranian 
shore up to the shallow plateau that covers most of the southern basin. However, it was 
assumed that they are not meaningful and they were smoothed out by the introduction 
of an artificial numerical viscosity, as used earlier by Duff [8]. With this smoothing, the 
results for the steady-state surface heights and velocities were very consistent with those 
obtained previously using a modified version of the finite-difference scheme of Leendertse 
[9, 10]. This consistency lends some credence to the storm surge results given in the next 
section. 
At any point in the Gulf, the water heights due to the storms for a given return period 
may be found using Poisson's law [I I], as 
h = h~ + [(h: - ht)/ ln(n:/n~)] In [ - ln(l -p ) /n  I T], (10) 
where h t and h,. are the water heights at any point in the Gulf occurring with return periods 
t~ and t.,, and n t = l i t  u and n: = l / t : ,  T is the time period in which the water height is 
sought and p is the chance of the given height h being exceeded in T yr, and 0.0 < p < 1.0. 
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It is preferable that t~ ~< T ~< t, since the water heights are linearly interpolated in this time 
interval. The water heights can be found from the contour maps in this study with 
t ,=  lOOyr and t~ = lOyr. 
4. RESULTS FOR THE SURGES 
First the results for the 20 m/s storm are presented. Figure 2 shows contour lines of 
surface height 18h after the commencement of the storm. At this time the maximum 
depression at the northern end of the Gulf  occurs, and is about 2 m while the maximum 
elevation of just over 1 m occurs on the Emirates coast. Figure 3 shows the corresponding 
contour lines after 24 h, i.e. when the storm is over. It is at this instant that the maximum 
surface depression (of just over 1 m) occurs along the Saudi coast. 
Figures 4--6 show the velocity fields at 12, 18 and 24 h. The maximum flow velocities 
are about 0.7 m/s and occur in the vicinity of Bahrain and the Qatar peninsula fter 12 h 
and along the Emirates coast after 18 h. It is interesting to note that after 24 h there is 
return flow in the northern half of the Gulf, but the flow is still outward through the Strait 
of Hormuz. The return flow velocities are maximum on the two sides of Bahrain, again 
being about 0.7 m/s. Return flow through Hormuz is well-established at 30 h and continues 
for about 24 h after the end of the storm. 
For the 30 m/s storm the results are qualitatively similar but the surface elevations are 
increased by 60-70% over those for the first storm. Figures 7 and 8 show the surface 
elevations after 18 and 24 h and can be compared ~ith Figs 2 and 3. The maximum 
depression at the northern end of the Gulf  is now about 3.4 m and the maximum elevation 
on the Emirates coast is about i.8 m. On the Saudi coast the maximum depression of about 
1.8 m occurs at 24 h. 
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Fig. 2. Height of sea level during a storm surge in the Arabian Gulf. Wind from NW, time = 18 h, 
synthetic wind, normal distribution, maximum v,ind velocity= 20 m.'s, duration = 24 h. Heights 
are in mm from mean sea level. 
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Fig. 3. Height of sea level dur ing a storm surge in the Arabian Gulf. Detai ls as in Fig. 2, except 
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Fig. 4. Velocity field of a storm surge in the Arabian Gulf. Wind from NW. time = 12 h, synthetic 
wind, normal  distr ibution, max imum wind velocity = 20 m,"s, durat ion = 24 h. 
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Fig. 5. Velocity field of a storm surge in the Arabian Gulf. Wind from NW, time = 18 h, synthetic 
wind, normal distribution, maximum wind velocity = 20 m,;s, duration = 24 h. 
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Fig. 6. Velocity field of a storm surge in the Arabian Gulf. Details as in Fig. 4, except ime = 2-I h. 
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Figures 9- I  1 show the velocity distr ibut ions after 12,18 and 24 h, Compar ison with Figs 
4-6 shows broadly similar velocity fields for the two storms but with maximum flow 
velocities in the range 1-1.2 m/s in the second case. Figure 12 shows the velocity field after 
36 h, and it is interesting to observe the very large return flow through the Strait o f  Hormuz 
at this stage with velocities approaching 1.5 m/s. 
5. CONCLUSIONS 
The f irst-order method of  characterist ics provides a method to calculate wind-driven 
currents which competes in accuracy and computat iona l  efficiency with finite-difference 
algorithms. There is reason to believe that it may be more accurate in the computat ion 
of  near-coastal  currents. The analysis of  two hypothetical  storm surges has produced 
plausible results. 
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